Introduction
============

Cell growth and virus replication require energy supply. Glucose is the major fuel for most cells. Glucose metabolism is fundamental for intracellular energy supply and cell viability. Through glycolysis, one molecule of glucose produces two net molecules of ATP and NADH, and is metabolized into two molecules of pyruvate, part of which is converted into lactate under aerobic condition. Disruption of glucose metabolism, such as 2-deoxyglucose (2-DG) treatment, leads to ATP-depletion/AMP-accumulation and cell growth inhibition [@B1].

AMP binds to and activates AMP activated protein kinase (AMPK), a sensor for intracellular energy status [@B2]. Activated AMPK induces cellular energy stress response and regulates cellular energy homeostasis through activating ATP-generating catabolic pathways and inhibiting ATP-consuming anabolic pathways [@B3]. Activated AMPK phosphorylates Raptor [@B4], which is a key component of mammalian target of rapamycin complex 1 (mTORC1) [@B5]. Raptor phosphorylation leads to inactivation of mTORC1 and its downstream substrate p70 S6 kinase (S6K1) [@B6], both of which are key regulators of cell growth.

Alteration of glucose metabolism and AMPK activities by viral infection has been a long-term topic for decades [@B7], [@B8]. However, so far nothing is known whether viral DNA itself might affect host cells energy metabolism and AMPK mediated energy stress response. Notably, the role of viral DNA in host innate immune response has been well studied in recent years [@B9]. Transfection of purified DNA, like interferon stimulating DNA (ISD), has been widely used as a cellular model mimicking DNA viral infection to introduce exogenous DNA into the cytoplasm of host cells [@B10]. Recognition of these cytosolic DNA induces the expression of type I interferon, such as IL-6 and IFNbeta. Remarkably, cyclic GMP-AMP synthase (cGAS) binds to these cytosolic DNA and catalyzes the synthesis of cyclic-GMP-AMP (cGAMP), which binds to the adaptor protein STING and activates interferon regulatory factor 3 (IRF3) [@B11]. Either STING [@B12] or cGAS [@B13] knockout cells abolishes type I interferon induction in response to DNA transfection or DNA virus infection, demonstrating cGAS-STING axis is essential for cytosolic DNA induced innate immune response. Similarly, this DNA transfection based cellular model could also be an ideal one to investigate the role of viral DNA in virus-host metabolic interaction.

In this study, we show for the first time that recognition of cytosolic DNA potently attenuates glucose metabolism, leading to ATP depletion and AMPK mediated cellular energy stress response. Interestingly, this metabolic response is independent of the cGAS-STING pathway, suggesting the recognition system and signaling pathways for cytosolic DNA induced immune response and metabolic response are distinct.

Methods and Materials
=====================

Reagents
--------

Cell Proliferation Reagent WST-1 was from Roche (68298 Mannheim Germany). Cell counting Kt-8 (CCK-8) was from Dojindo (Rockville, MD 20850 U.S.A). MTT was from sigma Aldrich (Shanghai 200031, China). CellTiter-Glo® Luminescent Cell Viability Assay Kit was from Promega (2800 Woods Hollow Road, Madison, WI, USA). Antibodies were all from Cell signaling (3 Trask Lane Danvers, MA 01923). Lipofectamine® 2000 Reagent and TurboFect Transfection Reagent were from Life Technologies. The Glucose assay kit was from Beckman Coulter® (250 S. Kraemer Blvd., Brea, CA 92821, USA). Lactate assay kit (LC7351) was from Leadman Group Co., Ltd (No.5 Hongda South Road, BDA, Beijing 100176, China).

Nucleic Acid Ligands
--------------------

Poly (I:C) was purchased from Amersham (Piscataway, NJ). All oligonucleotides were synthesized at sangon (Shanghai, China). Sequence of sense strand of ISD is as followed: 5\'-TACAGATCTACTAGTGATCTATGACTGATCTGTACATGATCTACA-3\'. Poly(dA), poly(dT), Poly(dA-dT) or poly(dG-dC) is a polymer of 45 deoxy-nucleotides. Equal molar amounts of ISD and their anti-sense oligos were annealed in annealing buffer (10 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA) at 95℃ for 5 min before cooling to room temperature. The anti-sense stranded ISD is the exact reverse complementary sequence of sense strand of ISD.

Cell culture and transfection
-----------------------------

Cells were cultured in DMEM with 10% of serum. For dsDNA or ssDNA stimulation if not indicated, 20ug of DNA was mixed with 10ul of Lipofectamine 2000 Reagent or TurboFect Transfection Reagent for 1ml culture media (DMEM with 10% of serum) without antibiotics.

WST-1/CCK-8 assay
-----------------

10ul of WST-1 or CCK-8 was diluted in 50ul media and then added into 50ul of media with transfection reagents. Cells were then incubated at 37°C and 5% CO2 for 30 minutes or one hour. Shake thoroughly for 1 min on a shaker. Measure the absorbance of the samples using Multiscan GO from Thermo Scientific at 450 nm. The reference wavelength was 600 nm.

MTT assay
---------

20ul of MTT (5mg/mL) was added into each well. Cells were then incubated at 37°C for 4 hours. 150ul MTT solvent (4 mM HCl, 0.1% Nondet P-40 in isopropanol) were added. Plates were read at 560nm using Multiscan GO from Thermo Scientific.

ATP assay
---------

Equal volume of compound from CellTiter-Glo® Luminescent Cell Viability Assay Kit (prepared as instructed in the manual) was added into media with transfection reagents. Record luminescence at Microplate Luminometer (Orion-L2) from BERTHORD, Germany [@B14].

Measurements of Glucose and Lactate
-----------------------------------

A total number of 5 × 10^4^ 293T cells were inoculated in 96-well plates overnight, then treated as indicated. Cell numbers were counted before measurements using a Countstar automated cell counter. The media were collected and the glucose and lactate levels were examined immediately using a Beckman Coulter AU480 (250 S. Kraemer Blvd., Brea, CA 92821, USA). The glucose was measured using AU Chemistry System from Beckman Coulter®. The lactate was measured using a Lactate Assay Kit. The levels of glucose consumption and lactate production were normalized to cell numbers [@B15].

TALEN genome editing techniques
-------------------------------

TALEN mediated gene knockout techniques were described previously [@B16]. The TALEN-target sites in L929 cells are as follows. cGAS: 5\'-TCCAGCAAGGGCCACT-3\' and 5\'-TCCATGGCCGAGGGCT-3\'. STING: 5\'-TACTCCAACCTGCATCC-3\' and 5\'- TCTTGATATAGTCTCTG-3\'.

Results
=======

Both dsISD and ssISD, but not poly(dA) inhibit cell proliferation
-----------------------------------------------------------------

In an attempt to investigate cytosolic DNA induced cellular response, we introduced single or double stranded interferon stimulating DNA (ssISD or dsISD) into human embryonic kidney 293T cells for 24 hours by cationic polymer (Turbofect)-mediated transfection. Surprisingly, both dsISD and ssISD induced dramatic changes on cellular glucose metabolism, as reflected by acidification of the culture media (Fig. [1](#F1){ref-type="fig"}A), and cell morphology as observed under a microscope (Fig. [1](#F1){ref-type="fig"}B). These responses were accompanied with a reduction in cell proliferation and metabolic viability as measured by counting cell number (Fig. [1](#F1){ref-type="fig"}C) or colorimetric WST-1 (water soluble tetrazolium salt-1) assay (Fig. [1](#F1){ref-type="fig"}D). By contrast, no such changes were notable when we stimulated cells with single-stranded poly(dA), which also does not induce type I interferon in the study of cytosolic DNA induced innate immune responses[@B17]. Similar results were also observed when nucleic acids were introduced into cells using Lipofectamine 2000 transfection reagents ([Supplementary Figure 1](#SM1){ref-type="supplementary-material"}). Taken together, these data suggest that exposure of exogenous DNA to cytoplasm might affect cell metabolism and growth.

Both ssISD and dsISD induce acute metabolic stress in nucleic acid type, sequence and does dependent manner
-----------------------------------------------------------------------------------------------------------

In order to better characterize ISD-induced cellular response, we performed time-course and dose-response analyses of ISD using WST-1 assay. Interestingly, as early as 4 hours after transfection, ssISD or dsISD dramatically decreased WST-1 reduction in a dose-dependent manner (Fig. [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B). No significant difference was observed between the sense strand and anti-sense strand of ssISD ([Supplementary Figure 2](#SM1){ref-type="supplementary-material"}). In contrast, poly(dA) or poly(I:C) (a dsRNA mimic) had little effect under the same conditions (Fig. [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B). Similar results were obtained using either conventional MTT assay ([Supplementary Figure 3](#SM1){ref-type="supplementary-material"}) or newly developed CCK-8 assay, which is more stable and sensitive (Fig. [2](#F2){ref-type="fig"}C). Next, we tested synthetic DNAs comprising different kinds of sequences, including poly(dT), poly(dA-dT) and poly(dG-dC). Both single stranded and double stranded poly(dA-dT) and poly(dG-dC), but not poly(dT) had the effect (Fig. [2](#F2){ref-type="fig"}D). We also tested the cell type specificity of this phenotype. In addition to immortalized human 293 cells, ISD-induced cellular response was also observed in many other cell lines including human cancerous THP-1 cells and immortalized mouse embryo fibroblast (MEF) cells ([Supplementary Figure](#SM1){ref-type="supplementary-material"}. 4A and 4B). Combined with PMS (phenazine methosulfate) electron mediator, WST-1 is readily reduced by NAD(P)H-dependent oxidoreductases in the cell into water-soluble formazan dyes [@B18]-[@B20]. Therefore, WST-1 reduction is proportional to intracellular reducing power like NAD(P)H level, reflecting the cellular metabolic viability. Thus, these data suggest that both ssISD and dsISD induce acute metabolic stress in nucleic acids type, sequence and dose dependent manner.

Intracellular localization is essential for ISD induced metabolic stress
------------------------------------------------------------------------

To determine whether this phenotype requires intracellular localization of DNA, we incubated ssISD or dsISD in the presence or absence of the transfection vehicle, which introduced DNA into cells. WST-1 reduction was decreased only in cells treated with the vehicle-DNA complex, but not ISD alone (Fig. [3](#F3){ref-type="fig"}A), indicating that recognition of ISD occurred in the cytoplasm, but not on the membrane. Furthermore, live-cell assay showed that Cy5 labeled ssISD entered cells as early as 2 hours post-transfection (Fig. [3](#F3){ref-type="fig"}B), which was consistent with the time point when WST-1 assay showed dramatic change. These data suggest that it is intracellular ISD that induces such phenotype, as shown for other ISD responses [@B21].

Cytosolic ISD induced metabolic stress is independent of cGAS and STING
-----------------------------------------------------------------------

Due to the pivotal role of cGAS and STING in recognition of cytosolic DNA and induction of type I interferon [@B22], we examined whether cGAS or STING was required for ISD to induce metabolic stress. Because both cGAS and STING were known to express at very low levels in 293T cells [@B21], we used mouse fibroblast cells L929 as a model to study the relevance between cellular metabolic stress response and innate immune response, and their dependence on cGAS and STING. As shown in Fig [4](#F4){ref-type="fig"}, neither cGAS nor STING knockout attenuated the ability of either ssISD or dsISD induced metabolic stress response in L929 cells (Fig. [4](#F4){ref-type="fig"}A), although knockout of either cGAS or STING completely abolished cytosolic DNA induced type I interferon response (Fig. [4](#F4){ref-type="fig"}B and [4](#F4){ref-type="fig"}C), as expected[@B12], [@B21]. These results suggest that cytosolic ISD induced metabolic response is independent of cGAS and STING, and irrelevant to type I interferon mediated innate immune response.

Recognition of cytosolic ISD attenuates glucose metabolism
----------------------------------------------------------

In order to exam whether acute cellular response was also due to defect of glucose metabolism, we assayed glucose uptake and lactate production at different time after ISD transfection. Indeed, both glucose uptake and lactate production began to drop after 4 hours and became more and more dramatic with time upon ssISD stimulation (Fig. [5](#F5){ref-type="fig"}A and [5](#F5){ref-type="fig"}B). These results were further confirmed by the findings showing that both ssISD and dsISD, but not poly(dA) significantly attenuated both glucose uptake and lactate production 6 hours after ISD transfection (Fig. [5](#F5){ref-type="fig"}C and [5](#F5){ref-type="fig"}D). Consistently, similar to ISD transfection, glucose metabolism inhibitor 2-DG treatment for 6 hours also dramatically decreased intracellular reducing power as shown by WST-1 assay ([Supplementary Figure 5](#SM1){ref-type="supplementary-material"}). These results indicate that recognition of cytosolic ISD attenuates glucose metabolism, which likely accounts for cytosolic DNA induced acute metabolic stress.

Cytosolic ISD induces ATP depletion and AMPK mediated energy stress response
----------------------------------------------------------------------------

Glucose metabolism is a major source of intracellular energy supply. We thus asked whether recognition of cytosolic DNA also lead to ATP depletion. Indeed, ssISD significantly reduced intracellular ATP levels in a time-dependent manner starting at 4 hours after transfection (Fig. [6](#F6){ref-type="fig"}A) and this phenotype was again induced only by dsISD or ssISD, but not poly(dA) (Fig. [6](#F6){ref-type="fig"}B). To examine whether ISD-induced ATP depletion activates cellular energy stress response pathways biochemically, we assayed the AMPK/mTORC1/S6K1 pathway because AMPK is a well known energy stress sensor in the cell[@B23] and its activation leads to inhibition of mTORC1 by phosphorylation of Raptor on S792, leading to reduced S6K1 phosphorylation on T389[@B24]. As expected, both ssISD and dsISD, but not poly(dA) induced AMPKα phosphorylation on T172 and AMPKβ phosphorylation on S108, accompanied with increased Raptor phosphorylation on S792 and reduced S6K1 phosphorylation on T389 (Fig. [6](#F6){ref-type="fig"}C). These results support the notion that inhibition of glucose metabolism induced by cytosolic DNA also leads to ATP depletion and AMPK mediated cellular energy stress response.

Discussion
==========

Upon viral infection, the host cells impose a network of barriers to constrain or eradicate viral infection [@B25]. DNA Viral infection exposes their genomic DNA to the cytoplasm of host cells. These exogenous DNA induced host innate immune response has been well studied and recognized as an intercellular defense [@B26]. However, the intracellular defense is still to be characterized. In this study, we have discovered for the first time that recognition of either cytosolic ssISD or dsISD inhibits glycolysis, leading to loss of reducing-power and ATP. The events downstream of this metabolic stress include activation of AMPK and inhibition of mTORC1, synergistically leading to reduced host cell proliferation and viability. Thus, recognition of cytosolic DNA induced metabolic response might potentially serve as an intracellular defense to viral infection.

During viral infection, especially when limited nutrition is available, intracellular ATP level is expected to fall leading to increase of AMP and activation of AMPK. Several studies have focused on the relationship of virus infection and AMPK signaling pathway [@B27], [@B28]. Notably, Human Cytomegalovirus (HCMV) infection increases the rate of glycolysis through activation of AMPK [@B29]. Activation of AMPK could be a double-edged sword to viral replication [@B30]. AMPK mediated activation of energy producing catabolic pathways, such as GLUT4 [@B31] activation, increase the rate of glycolysis, which might be beneficial for virus replication and DNA viral infection induced cell transformation [@B29]. However, AMPK mediated mTORC1 inhibition would be detrimental to protein synthesis and virus replication [@B32]. This paradox was resolved in part by the findings showing that HCMV UL38 protein circumvents inhibitory effect of AMPK on mTORC1 by binding to TSC1/2 complex[@B33]. In our pioneer study, we focused on the effect of viral DNA recognition on AMPK-mTORC1 axis. We show for the first time that viral DNA recognition attenuates glucose metabolism leading to activation of AMPK and inhibition of mTORC1, which plays a pivotal role in cell growth and viral replication. Theoretically, this AMPK mediated energy stress might also be circumvented by the interaction of host and viral proteins. Thereafter, unveiling the mechanisms of viral anti-energy-stress could also help us identify new targets and develop new strategies to limit viral replication.

Remarkably, cytosolic DNA induced cellular energy stress is dependent on the type and sequence of nucleic acids, in a way similar to cytosolic DNA induced innate immune response. Identification of cytosolic DNA sensors and unveiling the intracellular biochemical reaction and signaling pathways would be helpful to decipher this specificity. Notably, cGAS has been recently identified to be the pivotal cytosolic DNA sensor medicating innate immune response [@B13]. However, to our surprise, cytosolic DNA induced metabolic stress is independent of cGAS or STING, indicating the cytosolic DNA sensors and intracellular signaling pathways mediating metabolic stress and innate immune response are distinct. Identification of cytosolic DNA sensor triggering cellular metabolic stress is in need to elucidate the mechanism underlying cytosolic DNA recognition induced cellular metabolic stress response.

Single stranded DNA has not received as much attention as double stranded DNA. In fact, ssDNA could accumulate in the cytoplasm in many pathological conditions, like retroviral infection and cell damage [@B34], [@B35]. In Trex1 deficient cells, cytosolic ssDNA accumulation was associated with G1/S transition defect [@B35]. Since DNA synthesis and mitosis require abundant energy supply, cytosolic ssDNA accumulation induced energy stress might underlie ssDNA induced cell cycle arrest and cell damage induced suppression of cell growth.
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![Both dsISD and ssISD, but not poly(dA) inhibit cell proliferation. (A\~D) 293T cells were transfected as indicated for 24 hours. Yellowing of the pH indicator dye phenol red was visibly evident (A). Cell morphology was shown in (B). Cell number was determined using *Countstar* automated cell counter (C). Cell viability was determined by WST-1 assay (D). F: sense strand. R: anti-sense strand. Data of three independent replicates are presented as the mean +/- s.e.m., n=3.](ijbsv11p0587g001){#F1}

![Both ssISD and dsISD induce acute metabolic stress in nucleic acid type, sequence and does dependent manner. (A) 293T cells were transfected with ssISD, dsISD, poly(dA) or poly(I:C). WST-1 assay was performed at indicated time points. (B) 293T cells were transfected as in (A) with indicated does. 6 hours post-transfection, WST-1 assay was performed. (C) 293T cells were transfected with dsISD, ssISD or poly(dA). CCK-8 assay was performed at 6 hours post-transfection. (D) 293T cells were transfected as indicated and WST-1 assay was taken 6 hours post transfection. ss: single stranded. ds: double stranded. Data of three independent replicates are presented as the mean +/- s.e.m., n=3.](ijbsv11p0587g002){#F2}

![Intracellular localization is essential for ISD induced metabolic stress. (A) 293T Cells were treated as indicated. WST-1 assay was performed at 6 hours post-transfection. (B) Real-time live cell imaging was taken from 5 minutes to 4 hours after transfection with ssiSD labeled with Cy5. Pictures were taken every 5 minutes. Data of three independent replicates are presented as the mean +/- s.e.m., n=3.](ijbsv11p0587g003){#F3}

![Cytosolic ISD induced metabolic stress is independent of cGAS and STING. (A) cGAS or STING were depleted using TALEN genome editing techniques. Cells were treated as indicated. WST-1 assay was performed 6 hours after transfection. (B) L929-cGAS-KO and L929-STING-KO were generated using TALEN genome editing techniques. Cells were then transfected with dsDNA for indicated time. IFNbeta mRNA was measured by quantitative RT-PCR. (C) Expression of STING was determined by anti-STING antibody. F: sense strand. R: anti-sense strand. Data of three independent replicates are presented as the mean +/- s.e.m., n=3.](ijbsv11p0587g004){#F4}

![Recognition of cytosolic ISD attenuates glucose metabolism. (A, B) Cells were transfected with ssISD for indicated time. Glucose uptake (A) and lactate production (B) were measured at indicated time points on Multiscan GO from Thermo Scientific. (C, D) Cells were transfected as indicated. 6 hours post-transfection, glucose uptake (C) or lactate production (D) was determined on Beckman AU480. F: sense strand. R: anti-sense strand. Data of three independent replicates are presented as the mean +/- s.e.m., n=3.](ijbsv11p0587g005){#F5}

![Cytosolic ISD induces ATP depletion and AMPK mediated energy stress response. (A) Intracellular ATP level was measured at indicated time points. (B, C) 293T cells were transfected as indicated. 6 hours post-transfection, ATP level was measured (B) and total cell lysate was blotted with anti phosphor-AMPKα(T172), AMPKα, phosphor-AMPKβ(S108), AMPKβ, phosphor-Ratpor (S792), phosphor-S6K1(T389), LC3, PKM2 and GAPDH antibodies, respectively(C). F: sense strand. R: anti-sense strand. Data of three independent replicates are presented as the mean +/- s.e.m., n=3.](ijbsv11p0587g006){#F6}
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